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Recently the CMS collaboration at the LHC reported "the first direct limit on black hole pro- 
duction at a particle accelerator" using a data sample corresponding to an integrated luminosity 
of 35pb~ x of pp collision at a center of mass energy of 7 TeV [I]. Even though the result has a 
strong impact on future searches, the interpretation lacks enough theoretical support. In this letter, 
we show that the parameter range which was considered by the CMS collaboration is actually out 
of the validity range of semi-classical black hole picture so that the Monte-Carlo simulation result 
which was crucially used in the analysis still needs further solid scientific basis. 



INTRODUCTION 

Recently the CMS collaboration reported the first di- 
rect limits on the microscopic black hole masses using a 
data sample corresponding to an integrated luminosity 
of 35 pb _1 at a center-of-mass energy of 7 TeV of pp col- 
lisions at the LHC [I]. Events with the large total scalar 
sum of the transverse energy, St, of isolated high energy 
jets, leptons (electrons and muons), and photons were 
analyzed, which are typically expected from the decay of 
a semi-classical black hole. The reported limits on the 
microscopic black hole mass are in the range around 3.5- 
4.5 TeV in a model with large extra dimensions. Indeed 
low energy gravity scenarios based on large or warped ex- 
tra dimension(s) predict that a high energy collider, 
such as the LHC, may have a chance to produce a sizable 
number of microscopic black holes jH [5] if the collision 
energy would be exceedingly larger than the scale where 
higher dimensional gravity becomes strong [BJ. The re- 
sult has a strong impact on future searches for low energy 
quantum gravity and extra dimensions. Considering the 
huge significance, we carefully re-examine the theoretical 
background behind the search and show how the current 
result is (not) supported by existing theoretical studies 
and scientific reasonings. 



CRITICAL REVIEW ON THEORETICAL 
BACKGROUND 



The precise prediction regarding the microscopic black 
hole at colliders is not currently available as it de- 
pends on unknown details of geometry of extra dimen- 
sion and quantum nature of gravity. However, still some 
generic features are understood by semi-classical approx- 
imation of higher dimensional rotating black hole J7]. 
The semi-classical approximation is valid provided that 
the size of event horizon, ru , is significantly larger than 
the typical distance scale of the relevant gravity the- 
ory {f-G ~ V-Wg)> in which case the quantum gravita- 
tional corrections are expected to be small and negligi- 
ble: 5q G ~ {^g/thY "C 1 with a positive power p > 0. 



In particular, if the size of horizon is much smaller than 
the size of extra dimensions or compactification radius, 
r c , higher dimensional physics is relevant and the scale 
Mq should be identified with the scale of D-dimensional 
gravity (Mn ~ In short, validity of semi-classical, 

higher dimensional black hole picture is justified for a 
black hole of the mass M satisfying the following condi- 
tion: 



?D < r BH (M) < r c 



(1) 



The former condition (i.e., tbh 3> V-Mb) ensures that 
the object under consideration can be treated as a semi- 
classical object and the black hole solution to general 
relativity provides a good approximation. The later con- 
dition (i.e., tbh <C r c ) ensures that the black hole is 
actually a higher dimensional object. More explicitly, 
the above conditions are satisfied when the mass of black 
hole (M) is in the following range: 
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where we used the relation Mp lanck ^ 
with the Planck scale (A/ P i anck ~ 10 16 TeV) for the 
compactification radius r c . The size of black hole is 
roughly given by the Schwarzschild radius Tbh — fsch = 
Cb (M/Md) 1 D 3 ' ) £d where Crj is a numerical constant 
of the order of unitjQfor a black hole with a given mass 
M in D-dimensions. As the Planck scale is hierarchi- 
cally greater than the scale of higher dimensional gravity 
in low energy gravity models, there exists a large param- 
eter window for M. For instance, if Mjj ~ 1 TeV, as for 
the solution to the hierarchy problem in extra dimension 
models, the validity range of classical higher dimensional 



blackhole picture is huge as 10 32 \d-4) > M[TeV] > 1. 

One should note that the limit in Eq. ^ is consis- 
tent with the assumption that the action for higher di- 
mensional gravity is well described by the leading order 



_D-3^ 



1 Explicitly, C(D) 
D e [6,10]. 
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Einstein-Hilbert action and the higher order curvature 
terms are regarded as small corrections, Ac 1: 
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where the higher oder correction term, A, is expanded 
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with dimensionless coeffi- 



cients C„>i which are supposed to be all 0(1) [^J We can 
see that perturbativity is guaranteed for a 'large' black 
hole with a large mass (M ^> Md) as the corresponding 
curvature at the horizon is small for a large black hole : 
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When we consider black holes which are formed by 
particle collisions in Trans-Planckian energy range (i/s ~ 
M ^s> Md), its mass is essentially determined by collision 
energy^ and the production cross section is well approxi- 
mated by a geometric cross section a ~ t^tbh {\fs) 2 . The 
validity of geometric approximation was originally con- 
jectured by Kip Thorne [8] and more precisely proved 
later [9T-fTT] in semi-classical domain]^] 

After the initial stage of formation, black hole loses its 
energy and angular momentum through Hawking radi- 
ation [TJ] mainly to the standard model particles [T3"] . 
The detailed decay rates, which are essential in analyz- 
ing black hole signatures at the LHC, crucially depend on 
greybody factors, s Ti m , and thermal factor with angular 
velocity at the horizon f2, as: 



The prominent thermodynamic features of semi- 
classical microscopic black hole is encapsulated in its tem- 
perature (T ~ I/tbh ~ O(lOO)GeV) and its large en- 
(3) tropy or equivalently horizon area (S ~ {MdTbh) D ~ 2 3> 
1). The large entropy ensures that the consistency of 
the curvature perturbation since the correction term is 
related to the entropy as A ~ \/ S 2 ^ D ~ 2 ' 1 . The large en- 
tropy is a direct consequence of the required consistency 
condition in Eq. ([I]) and leads the large multiplicities 
of particles in decay processes. Actually the large mul- 
tiplicity is one of the most important selecting criteria 
for black hole search [T]. With all these semi-classical 
understanding of microscopic black hole, semi-realistic 
Monte-Carlo (MC) event generators for black holes have 
been developed and used by the CMS collaboration as 
well as ATLAS collaboration. Two of the most developed 
MC generators, called BlackMax [H and CHARYBDIS 
[25l [26] , are actually used in the recent CMS search for 
microscopic black holes. We emphasize that these MC 
event generators are applicable only for large black holes. 
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where u>, s, t, m stands for the energy, spin and angular 
quantum numbers of radiated particle, respectively. In 
semi-classical domain, greybody factors have been ob- 
tained for an arbitrary spin (s = 0, 1/2, 1 and also s = 2 
in part) in (TSHII] and pH2Dj Q Naively the radiation 
is considered to be democratic (i.e. same rate to each 
species) but the actual spectrum significantly depends 
on the detailed status of black hole, for instance its an- 
gular momentum. In obtaining greybody factors, it is 
assumed that the back-reaction from the Hawking radia- 
tion is negligibly small. This assumption is justified only 
for a large black hole with M ^> Md- 



2 The higher order terms can be also regarded as higher derivative 
terms as the curvature is second derivatives of the metric R ~ 
ddg. 

3 Some large fraction of energy is expected to be radiated away in 
the form of gravitational wave too. 

4 Actually the production cross section can be obtained taking 
angular momentum of black hole into account 1 141 115| . 

5 Gravitational radiation through Hawking radiation is still miss- 
ing. There are some recent developments 21 23 



VALIDITY OF SEMI-CLASSICAL 
APPROXIMATION IN THE CMS RESULT 

Now we are ready to comment on the recent CMS re- 
sult more explicitly based on the discussions so far. Our 
emphasis is on the validity of semi-classical approxima- 
tion and the applicability of the MC event generators. 

First of all, we would point out that the parameter 
range in the CMS result is actually out of the validity 
range of semi-classical approximation of black hole. As 
is found in Table I in Ref. pQ, three values of 'fundamen- 
tal scale' are considered :M£ MS = 1.5,2.0,3.0 TeV. The 
corresponding threshhold masses for the black hole for- 
mations are taken M^ s = 2.5 - 5.0, 2.5 - 5.0, 3.5 - 5.0 
TeV for various dimensions D — 6 — 10, respectively. The 
ratio of the minimum black hole mass and the fundamen- 
tal scale which was excluded by the CMS data is in the 
range [Tj 
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or the corresponding size of Schwarzschild radius is 

( r BH) CMS e [0.9, 2.1] 4, 

e [0.9, 2.4] ^i . 



(6) 
(7) 
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To see the validity of semi-classical approximation in 
the given range, we plotted the estimation of higher or- 
der correction (upper) and extrapolated value of entropy 
(lower) in Fig. [l] with respect to the given black hole 
masses. Note that as the mass becomes larger, the higher 
order correction A becomes smaller and the semi-classical 
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FIG. 1. The higher order curvature term, A, (top) and 
entropy (bottom) are plotted for higher dimensional black 
hole (D = 6(dotted), D = 10(solid)). The vertical col- 
umn in gray is the CMS exclusion region: M/Md = 
[3.5/3.0(4/3.5), 4.0/1.5(4.5/1.5)] for D = 6(10), respectively. 



approximation becomes more reliable. The dotted and 
solid lines, which respectively correspond to D = 6 and 
D = 10, behave similarly but show some deviation at 
the large mass region. For the consistency of the per- 
turbative expansion, it is required that the correction 
term should be significantly smaller than the leading or- 
der term (A <C 1) and entropy should be large (S » 1). 
However, the CMS exclusion range (vertical columns in 
gray), the correction is as large as or even larger than the 
leading order term. Also the entropy of black hole is still 
less than 10 or so so that we cannot tell that the calcu- 
lation is trustworthy in semi-classical sense. Within this 
parameter space, all the MC simulations suffer from large 
quantum corrections of the order of ~ O(Mo/M) p>0 
which can lead a significant change in the final result. 
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FIG. 2. The production cross section of black hole by gg, gb+ 
gb, bb + bb, gWh + gZL, Wl Wl + ZlZl from top to bottom in 
£ (14, 100) TeV thinking future higher energy upgrade of 
the LHC. 



MODEL DEPENDENCE: THE BULK SM IN 
WARPED EXTRA DIMENSION 

Finally, we point out that the estimation of the black 
hole production cross section is highly model dependent. 
Here we consider a well motivated warped extra dimen- 
sion model with the bulk standard model fields in [57] 
to show the model dependence of the production cross 
section. 

The essential feature of the model is "light-fermion- 
phobic" nature of TeV-scale gravity as the wave func- 
tion profiles of light fermions are all localized toward the 
Planck brane where gravity becomes strong at -Mpi anc k 
rather than 1 TeV. As a result, the dominant chances 
for making black hole are bottom quark and gluon even 
though gluon cross section is volume suppressed by ~ 
1/30. The top quark contribution is PDF suppressed 
thus is negligible. Another important channels are by 
longitudinal components of weak gauge bosons follow- 
ing the Higgs equivalence principle. One should notice 
that Higgs boson (or equivalently Wl and Z£) should 
locate around the low scale brane (IR-brane) for the 
setup to address the hierarchy problem so that it can 
effectively feel TeV-gravity. However, vector boson fu- 
sion process by weak gauge bosons are all weak coupling 
suppressed so that they never dominate the black hole 
production. In Fig. [2] we plot the cross sections for 
the center of mass energy in y/s 6 (14, 100) TeV by 
gg, gb{gb), bb(b),gW L ,gZ L ,W L W L and Z L Z L channels, 
respectively. For PDF convolution of parton level cross 
sections, we use MSTW2008 [28 and CTEQ [H] and the 
results are confirmed by a modified version of CHARYB- 
DIS 2.0 [26] 



J. Frost kindly confirmed the results with CHAKYBDIS2 
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Clearly the CMS result is not applicable to this model 
for two reasons. First, the estimation of the cross section 
is much suppressed in this model. Essentially uu and 
dd are the dominant production cross section in usual 
calculations but they are all negligible in this model . For 
the low energy run with -Js = 7 TcV, the cross section 
is well below 0.1 fb. Second, the main decay products 
are very distinctive in this model. Heavy quarks (top, 
bottom), Higgs (or equivalently longitudinal components 
of weak gauge bosons) and gluon but the events with 
light quarks are highly suppressed in this model. 



CONCLUSIONS 

We critically re-examined the recent microscopic black 
hole search by the CMS collaboration at the LHC [1 
and found that the claimed excluded range of microscopic 
black hole mass is not justified by currently available the- 
oretical studies unfortunately. Also importantly, the esti- 
mation of the black hole production cross section and the 
decay pattern of produced black holes are highly model 
dependent. In a theoretically well motivated model-the 
bulk standard model in warped extra dimension-for in- 
stance, the expected production cross section is signifi- 
cantly below the currently detectable range at the LHC 
and the main decay products of black hole are multi top- 
quarks and Higgs particles which could not be covered 
by the current search strategy but requires further de- 
tailed studies [3U] . Even though there is a chance for the 
LHC may be able to observe some black hole precursors 
[3"Tl 152"] and low energy Kaluza-Klein excitation modes of 
bulk field^] we may have to wait for future higher energy 
run with a significantly larger collision energy than what 
we currently have for the feasible black hole search. 
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